A novel avian trypanosome, Trypanosoma culicavium sp. nov., isolated from Culex mosquitoes, is described on the basis of naturally and experimentally infected vectors and bird hosts, localization in the vector, morphological characters and molecular data. This study provides the first comprehensive description of a trypanosome species transmitted by mosquitoes, in which parasites form plugs and rosettes on the stomodeal valve. Trypanosomes occurred as long epimastigotes and short trypomastigotes in vectors and culture and as long trypomastigotes in birds. Transmission of parasites to bird hosts was achieved exclusively by ingestion of experimentally infected Culex mosquito females by canaries (Serinus canaria), but not by Japanese quails (Coturnix japonica), nor by the bite of infected vectors, nor by ingestion of parasites from laboratory cultures. Transmission experiments and the identity of isolates from collared flycatchers (Ficedula albicollis) and Culex mosquitoes suggests that the natural hosts of T. culicavium are insectivorous songbirds (Passeriformes). Phylogenetic analyses of small-subunit rRNA and glycosomal glyceraldehyde-3-phosphate dehydrogenase gene sequences demonstrated that T. culicavium sp. nov. is more related to Trypanosoma corvi than to other avian trypanosomes (e.g. Trypanosoma avium and Trypanosoma bennetti).
INTRODUCTION
Mosquitoes are among the most important vectors of human and animal pathogens (viruses, bacteria, protozoa and filariae) worldwide. However, relative to other biting flies, mosquitoes have been poorly studied as vectors of trypanosomes (genus Trypanosoma; family Trypanosomatidae; order Kinetoplastea), widespread blood parasites of vertebrates. Although several well-known trypanosome species are causative agents of important diseases (e.g. Chagas disease, sleeping sickness and nagana), the majority of extant trypanosome species remains overlooked. Avian trypanosomes, for instance, are a much less well-known group of trypanosomes, even though almost 100 trypanosome species have been described to date (Baker, 1976; Bennett et al., 1982; Podlipaev, 1990; Sehgal et al., 2001) . The biology of avian trypanosomes (vectors, life cycles, host and vector specificity) is poorly known or totally unknown, despite the fact that some species could be pathogenic to their host (Molyneux et al., 1983) .
Experimental transmission of parasites belonging to the Trypanosoma avium clade from insect vectors to bird hosts has been achieved using the blackflies Eusimulium latipes (Votýpka & Svobodová, 2004) and Simulium rugglesi (Desser et al., 1975) , whereas the hippoboscid fly Ornithomyia avicularia was shown to transmit parasites of the Trypanosoma corvi clade (Baker, 1956; Mungomba et al., 1989) . Vectors of avian trypanosomes from the Trypanosoma bennetti clade are still unknown. Although mosquitoes have been considered several times as vectors of avian trypanosomes (for the first time in 1904 by Schaudinn, who observed division of epimastigotes in the midgut and hindgut of Culex pipiens females blood-fed on an infected owl), and several transmission experiments involving mosquitoes and birds have been performed (David & Nair, 1955; Bennett, 1961; Chatterjee, 1977) , the role of mosquitoes in the transmission of avian trypanosomes in nature has not yet been demonstrated unambiguously.
In dixenous trypanosomatids, parasite transmission is accomplished either by the bite of blood-sucking vectors, in which parasites develop in the fore part of the alimentary tract (e.g. leishmanias in phlebotomine sandflies) or in salivary glands (e.g. Trypanosoma brucei in tsetse flies), or by the contamination of host skin and/or conjunctiva by vector faeces during and after blood sucking of vectors, where parasites develop in the hind part of the vector's digestive tract (e.g. Trypanosoma cruzi in kissing bugs). Much less is known about the transmission of avian trypanosomes, some of which accomplish transmission by ingestion of infected vectors or the contamination of abraded skin or host conjunctiva by parasites present in vector faeces (the hippoboscid fly Ornithomyia avicularia and blackfly Eusimulium securiforme) (Baker, 1956; Mungomba et al., 1989; Desser et al., 1975; Votýpka & Svobodová, 2004) .
Since morphological identification of trypanosomes is impossible (Desquesnes & Dávila, 2002) , molecular techniques have been used to identify trypanosomes from a number of animals. According to recent molecular phylogenetic studies (Votýpka et al., 2002 Hamilton et al., 2007) , bird trypanosomes form three distinct clades named after the principal species: T. avium, T. corvi and T. bennetti. Several recent studies have presented data on the occurrence of avian trypanosomes in blackflies, hippoboscid flies and mosquitoes (Votýpka et al., 2002 Votýpka & Svobodová, 2004; Van Dyken et al., 2006) . Species identification of avian trypanosomes and identification of their host range require matching the trypanosomes found in vectors with those in vertebrate hosts. In our previous study (Votýpka et al., 2002) , we compared small-subunit (SSU) rRNA gene sequences to confirm ornithophilic simuliids as probable vectors of bird trypanosomes, which was later confirmed experimentally (Votýpka & Svobodová, 2004) . Moreover, one mosquito isolate marked as CUL1 belonged to the genus Trypanosoma, but was not similar to T. avium sensu stricto isolated from blackflies (Votýpka et al., 2002) . In this study, we formally describe a novel trypanosome species, Trypanosoma culicavium sp. nov., compare it with other avian and mosquito trypanosomes and elucidate its mode of transmission from the insect vector to the bird host.
METHODS
Detection of parasites from mosquitoes and birds. Mosquitoes were collected in the framework of two independent studies. In the first study, in 1998-2002, dissection to determine the presence of trypanosomes and subsequent cultivation was carried out on mosquitoes collected at several localities in the Czech Republic (Prague, southern Moravia and southern Bohemia). In the second study, in 2005-2007, using mosquitoes collected in southern Bohemia and southern Moravia, trypanosomes in mosquitoes were detected by PCR only.
Bird blood samples were taken from adult collared flycatcher (Ficedula albicollis) females trapped in nest-boxes during the breeding season in the Milovický forest, southern Moravia. Methods of mosquito collection and dissection, bird blood sampling and parasite isolation used in the present study have been described elsewhere (Votýpka et al., 2002 (Votýpka et al., , 2008 Votýpka & Svobodová, 2004) .
RAPD and phylogenetic analyses. Total DNA samples were extracted from cultured trypanosome lines using a DNA tissue isolation kit (Roche) according to the manufacturer's instructions. DNA samples of mosquito isolates were evaluated by RAPD analysis as described by Svobodová et al. (2007) . SSU rRNA gene loci of selected isolates were sequenced by using universal eukaryotic primers Medlin A (59-CTGGTTGATCCTGCCAG-39) and Medlin B (59-TGA-TCCTTCTGCAGGTTCACCTAC-39). Glycosomal glyceraldehyde-3-phosphate dehydrogenase (gGAPDH) genes from the isolates were amplified using primers G3 (59-TTYGCCGYATYGGYCGCATGG-39) and G4a (59-GTTYTGCAGSGTCGCCTTGG-39) as described by Hamilton et al. (2004) . The PCR products of both genes were purified and sequenced directly. A dataset containing 43 gGAPDH sequences of trypanosomatids was created, including sequences of T. culicavium.
Phylogenetic analyses of the two analysed genes (including isolate CUL1, of which the SSU rRNA gene sequence was published previously under GenBank accession no. AF416561) were performed as described by Zídková et al. (2010) ; phylogenetic trees were reconstructed using maximum-parsimony (PAUP* 4.0b10), maximum-likelihood (PhyML win32) and Bayesian (MrBayes 3.1.1) methods. Sequences used for phylogenetic analyses are detailed in Supplementary Table S1, available in IJSEM Online.
PCR screening for trypanosomes in mosquitoes. For PCR screening of trypanosomes, calculation of prevalence and phylogenetic analyses, we used protocols described by Van Dyken et al. (2006) and Votýpka et al. (2008) . Mosquitoes were sorted into species and unfed females were frozen at 270 uC in pools of 10-50 for later processing. Pooled females were homogenized in RNAlater RNA stabilization reagent (Qiagen) and total DNA was extracted as described above.
Pooled female mosquitoes were tested for the presence of trypanosomes using specific trypanosome PCR primers to amplify 18S rRNA gene. Primers used for amplification were R-221 (59-GGTTCCTT-TCCTGATTTACG-39) and Medlin B (59-TGATCCTTCTGCAGG-TTCACCTAC-39). As a negative control, DNA from a laboratory colony of Culex quinquefasciatus was used. Amplicons of 1300-1400 bp were gel-isolated and directly sequenced. Homologous 18S rRNA gene sequences originated from our previous studies (Votýpka et al., 2002 or were downloaded from the NCBI database. Newly obtained sequence data were aligned and compared using CLUSTAL_X version 1.81 to find the most closely related trypanosome 18S rRNA gene sequences.
Experimental infection of mosquitoes and transmission to birds. All animal experiments were performed according to Czech law and Guidelines on Animal Experimentation. Trypanosome isolate CUL1 from mosquito was used for infectious experiments with mosquitoes as well as with birds; bird isolate PAS99 was used only for infection of mosquitoes. In several independent experiments, 10-to 14-day-old adult female mosquitoes of the laboratory reared colony of C. quinquefasciatus (a member of the Culex pipiens complex) were infected by feeding through a chick skin membrane on heat-inactivated rabbit blood containing a 7-to 14-day-old culture of 10 6 -10 7 CUL1 parasites ml
21
. In a single experiment, the same procedure was followed with C. quinquefasciatus and isolate PAS99 and with Aedes aegypti and isolate CUL1 (10 7 parasites ml 21 in both experiments). Fed females were separated 1 day after blood feeding. Mosquitoes were maintained in cages at 18-20 uC, 80 % relative humidity and supplemented with 50 % sucrose solution. Mosquito females were dissected 12-28 days postinfection (p.i.) and examined under a light microscope for determination of the location and density of flagellates in the gut.
Three different methods were used for experimental infection of laboratory reared canaries (Serinus canaria, Passeriformes) and Japanese quails (Coturnix japonica, Galliformes): (i) by bite of experimentally infected mosquitoes, (ii) by ingestion of experimentally infected mosquitoes and (iii) by ingestion of trypanosome culture forms (see Table 1 ). All experimental birds were negative for trypanosomes before experimental infections.
In method (i), mosquito females, 10-20 days after the first infectious feeding, were allowed to feed again on nine canaries and five Japanese quails. Immediately after this second feeding, fed females were separated and dissected and their guts and stomodeal valves were checked microscopically. In method (ii), guts from infected mosquitoes, 2-3 weeks after infection, were homogenized in saline and were applied perorally to canaries and Japanese quails. In method (iii), canaries and Japanese quails were inoculated perorally with 10 7 trypanosomes from a 7-day-old culture.
The presence of trypanosomes in experimental birds was checked at 15, 40, 60 and 240 days p.i. by in vitro cultivation of blood on SNB-9 blood agar and by xenodiagnosis. For Japanese quails, the experiments were terminated at 60 days p.i., and their femur bone marrow was used for cultivation on SNB-9 blood agar. For xenodiagnosis and a transmission cycle investigation, naive mosquito females of C. quinquefasciatus were allowed to suck blood on experimentally infected canaries and Japanese quails 3 weeks after experimental infection. Fed females were separated 1 day after blood feeding and were dissected and microscopically inspected 9 days after blood-feeding.
Light and electron microscopy. Light-microscope preparations were made from cultured cells (a 5-to 7-day-old culture in exponential phase) of isolates CUL1, CUL6, CUL30, PAS99 and PAS109 (T. culicavium) and ITMAP and OA6 (T. corvi), on cells (CUL1) extracted from experimentally infected mosquitoes during their dissection (10 days p.i., when a majority of parasites are attached to the stomodeal valve) and from blood films prepared from birds experimentally infected by the CUL1 strain (30 days p.i.; only two trypanosomes were seen). For parasite measurements, the QuickPHOTO MICRO software (Olympus) and Grmeasure software, CCD camera DP70 and Olympus BX51 microscope were used. Morphometric data of cell length were obtained for 25 cells of each morphotype: cultured cells of all studied isolates and trypanosomes from experimentally infected mosquitoes in the case of CUL1. Measurements (in mm) included cell length and (for CUL1) cell width at the widest point and length of the free flagellum. Different morphological types from culture and experimentally infected mosquitoes were compared using ANOVA post-hoc comparisons (Statistica software). Electron-microscope preparations from 5-to 7-day-old cultures and measurement of the kinetoplast thickness of the mosquito (CUL6) and bird (PAS99) isolates were made as described by Votýpka et al. (2002) .
RESULTS AND DISCUSSION
Origin and prevalence of Trypanosoma culicavium sp. nov. in mosquitoes Trypanosoma culicavium (isolate ICUL/CZ/1998/CUL1) was isolated from the stomodeal valve of a Culex pipiens (Culicidae, Diptera) mosquito female captured in southern Moravia (Milovický forest: 48 u 509 N 16 u 429 E, 290 m above sea level) in 1998. Altogether, 1032 specimens of mosquito females (899 of C. pipiens and 133 of Culex modestus) captured in southern Moravia, southern Bohemia and the vicinity of Prague city were dissected, and 31 kinetoplastid strains were established. Of those, 23 strains were T. culicavium according to RAPD analysis (data not shown). Twenty-two isolates originated from C. pipiens (prevalence 2.4 %) and one (CUL30) from C. modestus (prevalence 0.7 %); 14 isolates originated from Prague, five from southern Moravia and four from southern Bohemia. In the next step, six of these isolates [one Prague isolate (CUL24), two Moravian isolates (CUL1 and CUL6) and three southern Bohemia isolates (CUL28, CUL30 and CUL31)] were sequenced and shown to be identical to T. culicavium by sequence analyses of the SSU rRNA gene (see Fig. 4b ; Table 2 ). Avian trypanosomes are transmitted by diverse vectors; however, the mere presence of trypanosomes in a blood-sucking invertebrate does not necessarily incriminate it as a vector. Only if parasites survive defecation of the rest of a blood-meal and successfully colonize a digestive tract (or salivary glands) can we speculate about transmission to vertebrate hosts. In our case, mature infections were localized to the stomodeal valve, and all naturally infected mosquito females had no blood in their intestine.
In conjunction with trypanosome PCR screening among mosquitoes captured around fishponds in southern Moravia and Bohemia, 129 pools representing 2490 individuals of Culex (Culex) pipiens, 3034 of Culex (Barraudius) modestus and 41 of Culex (Culex) torrentium were tested. Altogether, 11 pools were positive for trypanosome DNAs and, of those, only seven (5.5 % of the total) were T. culicavium by sequencing of part of the SSU rRNA gene. It can be supposed that only a single specimen within each positive pool was infected. The prevalence of tested mosquitoes was 0.3 % for C. pipiens and 0.05 % for C. modestus. All specimens of C. torrentium were negative. Since the PCR-tested mosquitoes had no blood in their guts, we suppose that mosquito females had not been simply carrying replicating trypanosomes in an undigested blood-meal.
The presence of parasites found by dissection and by PCR demonstrates that T. culicavium occurs in Culex mosquitoes (C. pipiens and C. modestus) at various localities (forest areas and wetlands) in Bohemia and Moravia. Our data, based on 
Experimental infections and transmissions
For several infection experiments with isolate CUL1, more than 1000 mosquito females from a laboratory reared colony of C. quinquefasciatus were used. The infection rate after blood feeding through a chicken-skin membrane was 60-85 %. Trypanosomes were localized mainly on the stomodeal valve, and the majority of positive mosquito females were heavily infected (i.e. more than 1000 parasites per gut). Thus, C. quinquefasciatus was shown to be a good experimental host of T. culicavium. To prove transmissibility of avian isolates of T. culicavium, 70 females of C. quinquefasciatus were fed with bird isolate PAS99. After 14-28 days, 26 mosquitoes (37 %) were found to be infected with parasites attached to the stomodeal valve.
To assess the vector specificity of T. culicavium, 92 females of A. aegypti were fed with CUL1 isolate. Only two specimens (2 %) were found to be positive with parasites attached to the stomodeal valve, one of them being heavily infected. Control C. quinquefasciatus females fed on the same inoculum of trypanosomes were infected in 66 % of cases. This demonstrates that genera other than Culex (the natural hosts) are able to become infected under experimental conditions, albeit with a very low infection rate. Information about vector specificity of avian trypanosomes is very limited and inconsistent (see David & Nair, 1955; Baker, 1956; Bennett, 1961 Bennett, , 1970 Chatterjee, 1977; Miltgen & Landau, 1982; Van Dyken et al., 2006; Reeves et al., 2007) . We suppose that T. culicavium is not identical to a trypanosome from Aedes mosquitoes described by David & Nair (1955) , which occurred in the hindgut. The ability of T. culicavium to develop in the intestine of Culex mosquitoes from two subgenera (Culex and Barraudius) indicates a host range that extends over different mosquito subgenera, but probably not genera.
The development of avian trypanosomes has been demonstrated in several dipteran species. In blackflies, epimastigotes replicate during blood-meal digestion in the midgut and, after peritrophic membrane rupture, the epimastigotes migrate to the hindgut and rectum, where they attach to a chitinous intima via hemidesmosomes (Bennett, 1970; Desser, 1977; Dirie et al., 1990; Votýpka & Svobodová, 2004) . The transmission of parasites to a new host can occur via vector ingestion or defecation, and possibly via urination (diuresis) (Dirie et al., 1990; Votýpka & Svobodová, 2004) . Transmission by vector ingestion was also demonstrated for hippoboscid flies by Baker (1956) and hemidesmosome-like adhesion for trypanosomes in the posterior part of the alimentary tract of Ornithomyia avicularia was reported by Mungomba et al. (1989) .
T. culicavium (isolate CUL1) was shown to occur first in the mosquito midgut; later, the parasite moves to the anterior part of the gut, attaches to the stomodeal valve ( Fig. 1) and degrades it in a way similar to leishmania parasites in sandfly vectors (Volf et al., 2004) . It has been speculated that the mode of transmission to birds is probably regurgitative, the ingested blood and trypanosomes being regurgitated, as a result of the less functional proventriculus, back into the bite wound during feeding (Volf et al., 2004) .
Our experiments, focused on the transmission mode of trypanosomes from insect vectors to bird hosts, resulted in successful transmission only in the case of experimentally infected Culex mosquitoes ingested by canaries; all birds inoculated with trypanosome stages from culture or bitten by infected mosquitoes were negative (Table 1) . Trypanosomes were found by xenodiagnosis in the blood of three of eight canaries that were infected perorally with gut forms of parasites from experimentally infected mosquito females. In these three positive canaries, the infection rates of the xenodiagnosis were 82 % (23 of 28 specimens; 45 days p.i.), 10 % (1 of 10; 17 days p.i.) and 8 % (1 of 12; 22 days p.i.). The mosquito females were dissected after defecation to prove that the infection persisted after complete digestion of the blood-meal, and parasites were found in their stomodeal valves in all cases. The presence of trypanosomes was confirmed by in vitro cultivations only in one xenodiagnosis-positive canary (with the highest mosquito infection rate, of 82 %), and parasites were detected from day 15 to day 40 p.i. Later cultivations were negative, probably because of the disappearance of trypanosomes from peripheral blood.
The changes of the mosquito stomodeal valve resemble those seen in sandflies, where they are suggested to facilitate transmission when biting (Volf et al., 2004) . Therefore, we originally supposed that T. culicavium was transmitted by mosquito bite. In order to find out which morphological forms of T. culicavium are regurgitated, infected mosquitoes were force-fed using a Hertig apparatus (Hertig & McConnell, 1963) ; however, no trypanosomes were regurgitated. Moreover, after feeding infected mosquitoes on a chick-skin membrane, no trypanosomes were found in the blood used for feeding. Other indirect evidence came from our field studies. Buzzards were readily attacked by Culex mosquitoes and, although the prevalence of trypanosomes in mosquitoes was as high as 10 %, T. culicavium was never isolated from the blood of raptors (J. Votýpka and others, unpublished results; Č erný et al., 2011). These results, together with transmission experiments to canaries as well as the isolation of T. culicavium exclusively from mosquito-eating passerines, suggests that inoculation by bite does not play a significant role in natural transmission and that T. culicavium is indeed transmitted in the first instance by ingestion of infected mosquitoes.
Our experiments proved unambiguously that T. culicavium (CUL1 isolate) is transmissible to Culex mosquitoes by feeding on an infected bird and demonstrated the successful completion of the T. culicavium life cycle. In addition, similar infection rates of Culex mosquitoes infected by either artificial feeding through a chicken skin membrane (70-85 %) or by naturally feeding on an infected bird host (up to 82 %) demonstrate that the prevalence in experimentally infected mosquitoes mimics natural infection. 
Isolation of T. culicavium from wild bird hosts
Our results based on experimental infections and transmission mode suggested the role of insectivorous songbirds in the life cycle of T. culicavium. Collared flycatchers (Ficedula albicollis) are reported to feed on mosquitoes (Hudec & Št'astný, 2005) , and 21 of 56 sampled birds were positive for Trypanosoma sp. Twelve isolates were established; of these, two isolates (PAS99 and PAS109) were identical to T. culicavium (isolate CUL1) as shown by sequencing of the SSU rRNA gene and gGAPDH (see Fig.  4 ; Table 2 ).
The transmission of T. culicavium under laboratory conditions occurs by ingestion and this, together with the fact that flycatcher isolates (PAS99 and PAS109) are identical to CUL1 by sequencing, suggests that the natural hosts of T. culicavium are insectivorous songbirds (Passeriformes).
Light microscopy and transmission electron microscopy
Two morphologically different types of trypanosome (isolate CUL1) were present on slides obtained from mosquito stomodeal valves as well as on slides from in vitro cell cultures (isolates CUL1, CUL6, CUL30, PAS99 and PAS109). Trypomastigotes were the shorter observed morphotypes, whereas the longer morphotypes were epimastigotes (Fig. 1) . For isolate CUL1, body lengths of short (12.0±0.6 mm, n525) as well as long (24.3±2.6 mm, n525) insect forms were significantly shorter (ANOVA; F (1, 50) 529.81; P,0.001 and F (1, 50) 536.66; P,0.001) than culture forms of trypomastigotes (13.5±0.7 mm, n525) and epimastigotes (30.8±3.7 mm, n525), respectively (Fig. 2 ). Significant differences were not found among lengths of cultured cells of five isolates of T. culicavium (CUL1, CUL6, CUL30, PAS99 and PAS109), nor for the short trypomastigote form (ANOVA; F (4, 125) 50.19; P50.94) nor for the long epimastigote form (ANOVA; F (4, 125) 51.09; P50.36).
Baker (1966) observed similar morphotypes ('big epimastigotes and small trypomastigotes') in a culture of trypanosomes obtained from a rook. In contrast, we observed only one morphotype (epimastigotes) in a culture of T. corvi (isolate OA6 and LSHTM/ITMAP 180795), and the cell length was significantly different (ANOVA; F (2, 300) 5450.72; P,0,001) from that of T. culicavium (shorter than epimastigotes and longer than trypomastigotes; Fig. 3 ). It is possible that Baker worked initially with T. culicavium (which exhibited two morphotypes); nevertheless, the strain originated from a rook and deposited as LSHTM belongs to T. corvi, with one morphotype only.
Only two trypomastigotes were found on a Giemsa-stained thin blood smear of experimentally infected canary (Fig. 1) . The utility of delineating trypanosome species based on morphometrics of blood-stream forms is, however, questionable, as pleomorphism of numerous trypanosomes has been documented (Baker, 1976) .
Culture forms of T. culicavium were also examined by transmission electron microscopy ( Fig. 1) . We have shown previously (Lukeš & Votýpka, 2000) that the kinetoplast thickness and the minicircle size vary significantly among avian trypanosomes (e.g. T. corvi, 0.37 mm; T. avium, 0.69-0.85 mm). The kinetoplast thickness of T. culicavium mosquito isolate CUL1 [0.310±0.031 mm; n535; see our previous study (Votýpka et al., 2002) ] was similar to that of newly measured bird (PAS99) and mosquito (CUL6) isolates [respectively 0.331±0.045 mm (n538) and 0.299± 0.023 mm (n540)], confirming the identity of the isolates. Phylogenetic position and comparison with other described species
As shown previously (Votýpka et al., 2002 (Fig. 4) was created on the basis of gGAPDH and SSU rRNA gene sequences, containing all relevant GenBank sequences and sequences of our isolates of T. culicavium obtained from mosquitoes (Culex pipiens; CUL1 and CUL6 from southern Moravia, CUL28, CUL30 and CUL31 from southern Bohemia and CUL24 from Prague) and two isolates from collared flycatchers (Ficedula albicollis; PAS109 and PAS99) captured in southern Moravia. Both groups of isolates, from mosquitoes as well as from birds, formed a highly supported and separate clade together with reference isolate CUL1, closely related to T. corvi. The relationship between T. culicavium and the T. corvi clade was shown unambiguously by a phylogenetic tree based on the SSU rRNA gene sequence (Fig. 4b ).
So far, only two species of trypanosomes have been described to occur in mosquitoes. The first is Trypanosoma rotatorium (Mayer, 1843), which parasitizes several frog species and is transmitted by Aedes or Culex mosquitoes. This species is well known and, together with other trypanosomes isolated from amphibians and fish, belongs to a well-supported aquatic clade (Votýpka et al., 2002 Hamilton et al., 2007) . The second species is the avian trypanosome Trypanosoma noctuae (Schaudinn, 1904) described from the little owl (Athene noctua) in Europe. C. pipiens was mentioned in the original description as a vector. Notably, there are several uncertainties in the original description, and Schaudinn (1904) erroneously supposed that the parasite has a sexual phase in the mosquito ovary, assuming that the parasite is congenitally transmitted among mosquitoes. To exclude any possibility of transovarial or transstadial transmission among mosquitoes (without a vertebrate host), several additional laboratory experiments were carried out. Of 197 dissected adult C. quinquefasciatus mosquitoes (166 females and 31 males) hatched from eggs oviposited by 12 infected females and reared in water containing dead infected females, we did not record any positive cases.
According to Schaudinn's account, he was dealing with two separate parasites of the little owl, T. noctuae and Trypanosoma ziemanni (later synonymized with Leucocytozoon danilewskyi). The genus Trypanomorpha (as well as family Trypanomorphidae) was established by Woodcock (1906) and the only known species so far is the type species, Trypanomorpha noctuae; however, the family and genus are not generally accepted nowadays. It is impossible to compare our results with the records of Schaudinn (1904) , due to the absence of any relevant description. It has been suggested that the parasite described by Schaudinn from mosquitoes represented monoxenous trypanosomatids of the genus Crithidia (Novy et al. 1907) , and that the parasites isolated by Novy et al. (1907) from Culex mosquitoes and originally described as 'Trypanosoma (Herpetomonas) culicis, n. sp'. represented monoxenous trypanosomatids of the genus Blastocrithidia (Wallace & Johnson, 1961) .
We therefore describe here a new species of the genus Trypanosoma. Trypanosoma culicavium sp. nov. is the first named avian trypanosome species to be described from mosquitoes, and the species characters are based on a combination of vector specificity, morphology and, particularly, molecular phylogeny. We suppose that the avian trypanosomes T. corvi (isolated from rooks and strictly ornithophilic hippoboscid flies) and T. culicavium (from flycatchers and mosquitoes) are different but closely related species. Both the transmission of T. culicavium to canaries by ingestion of infected Culex mosquitoes and the similarity of trypanosomes obtained from blood of collared flycatchers (F. albicollis) to isolates from Culex mosquitoes suggest insectivorous songbirds as the natural vertebrate hosts of T. culicavium.
Taxonomic summary (based on isolate CUL1)
Diagnosis. Two different morphotypes, short trypomastigotes and long epimastigotes, were observed in the mosquito host as well as in cell culture. Insect forms of experimentally infected Culex mosquitoes were 12.0±0.6 mm (n525) and 24.3±2.6 mm (n525) long and 1.2± 0.2 mm (n525) and 1.7±0.3 mm (n525) wide with flagella that were 5.6±0.6 mm (n525) and 9.3±1.1 mm (n525) long, respectively. The nucleus was situated in the middle of the cell with the kinetoplast next to it. The thickness of the kinetoplast was 0.310±0.031 mm (n535).
Trypomastigotes in the blood of experimentally infected canaries were narrow, slightly curved, with a tapering and pointed posterior end. A narrow undulating membrane was located on the external side of the curvature. The length of the body was 40.7-40.9 mm, the width was 3.7-4.1 mm and a free, relatively short flagellum varied in length from 6.8 to 8.0 mm. . New SSU rRNA gene sequences of T. culicavium were obtained for five mosquito isolates (Culex pipiens: CUL6, CUL24, CUL28 and CUL31; C. modestus: CUL30) and two bird isolates (collared flycatchers, Ficedula albicollis; PAS99 and PAS109). The trees were rooted using monoxenous trypanosomatid sequences as an outgroup. Sequences obtained in this study are underlined; accession numbers and strain and source details (where known) are given in Supplementary Table S1 .
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